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ABSTRACT ARTICLE HISTORY
N-[(2-Hydroxyl)-propyl-3-trimethyl ammonium] chitosan chloride (HTCC), a hydrosoluble chitosan deriva- Received 6 February 2018
tive, has been extensively investigated as a class of drug delivery vehicles because of its unique fea- Revised 6 April 2018

tures. However the studies on HTCC for pulmonary delivery systems have been rarely conducted. This ~ Accepted 6 April 2018

study aimed to design porous microspheres (MS) containing cyclosporine A (CsA) using HTCC as the KEYWORDS

carrier. The physicochemical properties and biocompatibility of the MS were evaluated. The in vivo effi- N-[(2-Hydroxyl)-propyl-3-
cacy of MS was evaluated in an asthmatic rat model after pulmonary administration. The results trimethyl ammonium]
showed that porous MS suitable for inhalation could be readily produced by spray drying method. chitosan chloride:
Optimized porous MS in this study exhibited to be biocompatible and safe to use in the lung, and they cyclosporine A; spray

were effective in suppression of inflammation in the asthmatic rat model. Above all, our results sug- drying; porous
gested that HTCC porous MS are promising drug carriers for pulmonary drug delivery. microspheres; pulmonary
drug delivery

Introduction absorption by opening the intercellular tight junctions in the

Chitosan (CTS) is a cationic natural biomaterial with distinct Ung epithelium [3]. Therefore, CTS has used to prepare the

advantages, such as biodegradability, low toxicity, and high sustained release form of pulmonary delivery. Nevertheless,
biocompatibility [1,2]. Meanwhile, CTS can improve drug its applications are limited in terms of solubility because CTS
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loses its cationic nature above pH 6.5. Hence, the water solu-
bility of CTS should be improved to broaden its applications.
N-[(2-Hydroxyl)-propyl-3-trimethyl ammonium] chitosan chlor-
ide (HTCC) is a hydrosoluble CTS derivative. HTCC was
obtained via the reaction between hydroxypropyl trimethyl
ammonium chloride (EPTAC) and CTS [4]. HTCC has also been
extensively investigated as a class of drug delivery vehicles
because of its unique features, including biocompatible
material, antibacterial property, good water solubility in a
wide range of pH, high drug-loading capacity, and the vary-
ing release rate by modulating the degree of substitution
(DS) of HTCC [5]. Moreover, HTCC is able to increase the para-
cellular permeability and/or absorption of peptide drugs
across mucosal epithelia at neutral pH values as the positive
surface charge of HTCC can bind to the negative-charged epi-
thelial cell membranes by electrostatic interactions [6].
Therefore, HTCC is a promising polymer as a basic material
for mucosal drug delivery systems, such as pulmon-
ary delivery.

Drug delivery by the pulmonary provides applicable fea-
tures including local targeting, circumvention of first-pass
hepatic metabolism and rapid onset of action. Based on these
characteristics, numerous efforts have been made to design
drug delivery by the pulmonary route for local or systemic
effect [7-9]. However, commercially available inhalable prod-
ucts are mainly rapid release formulations that require the
patient to inhale several times every day, thus reducing
patient compliance [10]. For the existing problems, sustained
release microspheres (MS) have been proposed for pulmonary
delivery to reduce systemic toxicity and enhance therapeutic
effectiveness in recent decades [11-13]. The physical proper-
ties of particles are essential for an effective pulmonary drug
delivery. An optimal aerodynamic diameter ranges from 1 to
5um [14]. MS with an aerodynamic diameter larger than
5um are likely deposited in the upper airways. By contrast,
those smaller than 1um are exhaled [14]. Edwards studied
innovatively that porous MS exhibit a higher respirable frac-
tion than nonporous particles do, although these MS are
characterized by identical physical diameters [15].
Characterized by the larger surface-to-volume ratio, porous
MS have been potentially applied as pulmonary drug delivery
systems [16,17].

But at present, the research on HTCC as a drug delivery
vehicle has focused mainly on films [18], hydrogels [19], and
nanoparticles [20], the studies on HTCC for pulmonary deliv-
ery systems have been rarely conducted. To address this chal-
lenge, in our study, HTCC was used as the basic excipient/
carrier to prepare porous MS as pulmonary drug delivery sys-
tems with ammonium bicarbonate (ABC) as an effervescent
porogen. Hydroxypropyl-p-cyclodextrin (HP-B-CD) could solu-
bilize hydrophobic drugs such as cyclosporine A (CsA) [21], so
it was incorporated with HTCC. Techniques such as emulsion
solvent evaporation, supercritical fluid technology and spray
drying have been used to produce drug-loaded micro- and
nanoparticles [22-24]. Spray drying offers the advantage of
encapsulation and drying in one continuous operation, which
is significantly less time consuming than other methods. The
hypothesis was that porous HTCC MS have physicochemical

properties which were suitable for pulmonary drug delivery,
and good biocompatibility and in vivo efficacy.

Materials and methods
Materials

CsA was supplied by Minsheng Pharmaceutical Factory
(Hangzhou, China). HTCC was synthesized and characterized
in accordance with a previously described process [4,5]. The
molecular weights of HTCC were 1360kDa, 450kDa, and
170 cps with DS of 88.74, 83.60, and 73.95%, respectively. All
other chemicals and reagents used in this study were of ana-
lytical grade, and purchased from Shanghai Chemical
Reagent Company (Sigma Co., St. Louis, MO).

Animals

Male Sprague-Dawley rats weighing 280+50g were pur-
chased from Jinan Lukang, Jinan, China. Toads (30-40 g, male
and female) were provided by Weifang Medical University,
Shandong, China. The animal protocol was approved by
Shandong Medical Laboratorial Animal Administration
Committee (Approval No. WFMU-IACUC-C2016-10-13-205).
The rats were housed in a room with controlled temperature
and humidity. All animal studies were carried out in accord-
ance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH publication no. 8023)
revised in 1978.

Methods

Preparation of CsA/HTCC/Hp-B-CD porous MS
Predetermined amounts of Hp-B-CD and CsA were dissolved
in 800 ml of 1% aqueous solution according to various formu-
lations (Table 1). Then the solution was mixed well with cer-
tain amounts of HTCC and ABC, followed by filtering through
a 0.45pum micropore film. Then, the MS were prepared
employing a spray drier (Buchi Mini Spray Dryer, B-290,
Flawil, Switzerland) with operating parameters of inlet tem-
perature as in Table 1, feed rate 4-6 mL/min, and the air-flow
rate 600 L/h. The spray-dried MS were collected and stored in
a desiccator at room temperature prior to analysis.

Physicochemical property

Microparticle morphology: The surface morphology of MS was
examined by scanning electron microscopy (SEM) (KYKY 2800B,
KYKY Technology Development Co., Ltd, Beijing, China).

Size of microparticles: The mean volume diameters (MVDs)
of the microparticles were measured via dynamic light scat-
tering (DLS) (Malvern MasterSizer, model MS 2000; Malvern
Instruments, Ltd., Malvern, UK). Each sample was measured at
least three times.

Fourier-transformation infrared spectroscopy (FT-IR) analysis:
FT-IR analysis was carried out for pure CsA, HTCC, Hp-B-CD,
blank microsphere MS D, MS A, MS B, MS C and MS | in the
range of 4000-500cm™" using Avater-360 FT-IR spectroscope
(Nicolet, Madison, WI).
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Table 1. Composition of formulations used for aqueous solution to be spray dried.

HTCC Porogens

Temperature CsA Hp-B-CD Choices of
MS (inlet, °Q) (w/v, %) Molecular weight w/v, % (w/v, %) poregens w/v, %
A 150 1 1360 KDa 5 1
B 150 1 1360 KDa 3 1
C 150 1 1360 KDa 7 1
D 150 0 1360 KDa 3 1
E 150 1 1360 KDa 3 1 ABC 1
F 150 1 450 KDa 3 1 ABC 1.5
G 150 1 450 KDa 3 1 ABC 2
H 150 0 450KDa 3 1 ABC 2
| 150 1 450 KDa 3 2 ABC 3
J 150 1 450 KDa 3 1 ABC 1
K 170 1 170 cps 3 1 ABC 2
L 170 1 170 cps 3 1 ABC 6
M 170 1 170 cps 5 1 ABC 6
N 170 0 170 cps 3 1 F68 1
0 170 1 170 cps 3 1 F68 3
P 170 1 170 cps 3 1 F68 5
Q 170 0 170 cps 3 1 PEG 3
R 170 0 170 cps 3 1 Chl 33
S 170 0 170 cps 3 1 PS MS 1
T 170 0 170 cps 3 1 Removal of PS MS

Differential scanning calorimetry (DSC) analysis: The DSC of
pure CsA, HTCC, Hp-B-CD, blank microsphere MS D, MS A, MS
B, MS C, and MS | was characterized using DSC7020 differen-
tial thermal scanning analyser (Hitachi High-tech Science
Corporation, Tokyo, Japan).

X-ray diffraction analysis: The X-ray diffraction (XRD) of
pure CsA, HTCC, Hp-B-CD, blank microsphere MS D, MS A, MS
B, MS C and MS | was characterized using Ultima IV (Rigaku
Corporation, Tokyo, Japan) at 44 mA and 40kV.

High-performance liquid chromatography (HPLC) method
validation: The CsA concentration was determined using
Agilent 1260 HPLC (Agilent Technologies Inc., Palo Alto, CA).
The quantitative analysis of CsA was performed using C18
chromatographic  column (250 x 4.6 mm, 5pum) (Elite
Company, Dalian, Liaoning Province, China) at 70°C. The
mobile phase consisted of acetonitrile, water in the ratio of
74:26, and the flow rate was 1 mL/min. The detection wave-
length was 210nm. The intra- and inter-day precision and
accuracy were examined by analyzing CsA (5.8, 23.2 and
46.4 ug/mL) with five replicates on five separate days, and
the precision are presented as the relative standard devia-
tions (RSD).

Entrapment efficiency (EE) and drug-loading efficiency (DL):
The CsA concentration was determined using the validated
HPLC method, and EE and DL were calculated using
Equations (1) and (2) as below:

EE (%) — Weight of drug in sample

= 100%
Theoretical weight of drug in sample x 0

M
X 100% @]

Weight of drug in sample
DL (%) =
(%) Weight of sample

In vitro aerosol dispersion performance by the next-gener-
ation impactor (NGI): As previously reported [25], the aerosol
dispersion properties of the dry powder particles as dry pow-
der inhalers (DPIs) were tested using the NGI with a stainless
steel induction port (US Pharmacopeia throat) attachment

(NGI model 170; MSP Corporation, Shoreview, MN) coupled
with specialized stainless steel NGI gravimetric insert cups
(MSP Corporation). The NGI was run at a controlled flow rate
of Q=60L/min. At this rate the cutoff diameters for each
impactor stage from one to seven were sequentially 8.06,
446, 2.82, 1.66, 0.94, 0.55 and 0.34 pum as calibrated and
stated by the manufacturer. The mass median aerodynamic
diameter (MMAD) and geometric standard deviation (GSD)
were determined using a mathematic programme written by
Dr Jay Holt [26]. All experiments were triplicated (n=3). The
fine particle fraction (FPF), respirable fraction (RF), and emit-
ted dose (ED) were calculated as follows in Equations (3-5):

__ mass of particle < 4.46 um (stages two through seven)

FPF (%) = 100%
(%) initial mass of the powder loaded into capsules x ?

3)

x 100%

RF (%) — mass of particle < 4.46 um (stages two through seven)
V= total particle mass on all stages

(4)

x 100%

(5

ED (%) initial mass in capsules — final mass remaining in capsules
0) = — -
initial mass of the powder loaded in capsules

Biocompatibility

Assay for lactate dehydrogenase (LDH) and protein on the acute
lung toxicity: Male Sprague-Dawley rats weighing 280+509g
were divided into five groups (four rats in each group): nor-
mal group, phosphate-buffered solution (PBS) group (100 pL,
pH = 7.4), positive control group (100 pL, 0.25% Triton X-100),
MS group (20 mg), and HTCC group (10 mg). Dry powder of
MS and HTCC was administered by an inhaler, and normal
group did not be disposed. The activity of LDH in the super-
nate was measured using Full Automatic Biochemical
Analyser 7080 (Hitachi Instrument Ltd., Tokyo, Japan). The
protein content was determined using an assay kit of
Coomasie  Briliant Blue protein (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). A sodium dodecyl-
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) also
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operated to testify the protein content with operating param-
eters of 8% stack, 25puL protein samples, and 200 V con-
stant voltage.

Ciliotoxicity study: Ciliotoxicity studies were carried out
using an in situ toad palate model. The upper palates of the
toads (n=6) were exposed and treated with HTCC (10 mg),
CsA (0.4 mg), MS (20 mg) and 0.5 ml of normal saline, respect-
ively. Thereafter, the test formulations were removed by
washing the palate with saline. Approximately 3 x 3mm of
the palate was dissected and the mucocilia was examined
instantly with an inverted microscope (Olympus CK2, Tokyo,
Japan) at an enlargement of 40x, the lasting time of cilia
movement was recorded every 1h in the first 10h, then
every 20 min. The mucosa sections were kept in saline before
the next observation. And 1 mm?® of mucocilia of each group
was tested with transmission electron microscope. Both the
morphology of mucocilia and the lasting time of cilia move-
ment were considered as evaluation criteria of ciliotoxicity of
formulations.

In vivo efficacy evaluation

Immunization and challenge: The rats were divided into four
groups. Each group consisted of five rats. They were immu-
nized on 1, 8 and 15 days by intraperitoneal injection of
80 ng chicken ovalbumin (OVA) emulsified in 1 mg aluminium
hydroxide adjuvant in a total volume of 0.2 ml of saline. From
22 days, the rats were atomizing inhalation administered by
1% OVA in a total volume of 10 mL of saline two times a day
and 7 days in a row. Budesonide (BUD) and MS | were dis-
solved in saline. Rats were atomization inhalation adminis-
tered 10mg/kg/day (in 1ml) of BUD and 120 mg/kg/day (in
1ml) of MS |, respectively, each day from Days 22 to 29 con-
secutively. The control and OVA groups were adminis-
tered saline.

Bronchoalveolar lavage fluid (BALF) collection and leukocyte
count: Each rat was anaesthetized and the trachea was can-
nulated. BALF was collected by flushing 1 ml of PBS into the
lung via the trachea immediately after sacrifice.
Approximately 0.8 ml of BALF was recovered after five lav-
ages. The BALF was centrifuged (1500 rpm/min, 5°C, 10 min)
and the supernatant was stored at —70°C until measurement
of cytokines. Cells from the BALF were washed five times
with PBS and the pellet was resuspended in 1ml of PBS.
Total cell number was counted by cytospin and a differential
cell count was performed after staining with Giemsa solution
and each 200 cells were counted in each of four ran-
dom locations.

Enzyme-linked immunosorbent assay (ELISA): The levels of
cytokines in BALF or serum, interleukin-4 (IL-4) and tumor
necrosis factor-o (TNF-o) were measured by sandwich ELISA
from R&D Systems (Minneapolis, MN) according to the man-
ufacturer’s instructions. The level of total protein and LDH in
BALF were measured by total protein quantitative assay kit
and Cytotoxicity Assay Kit from Shanghai Biotechnology
Systems (Beyotime, Shanghai, China), respectively. Each con-
centration was calculated using a linear-regression equation
obtained from the standard absorbance values.

Histopathological studies

Lung tissue was fixed with 10% (v/v) formaldehyde, then
were dehydrated in various concentrations of ethanol and
embedded in paraffin. For histopathological examination,
4um sections of fixed embedded tissues were cut on a
microtome (Leica RM 2135 Rotary Microtome, Wetzlar,
Germany), and placed on glass slides and stained with HE for
general morphology. Pulmonary histopathological changes
were assessed on five point scores by two independent
examiners. The scores were: 0, no inflammatory cells; 1, mini-
malaccumulation of inflammatory cells; 2, moderate accumu-
lation of inflammatorycells; 3, severe accumulation of
inflammatory cells; and 4, extreme accumulation of inflamma-
tory cells.

Statistical analysis

The results were reported as meanzstandard deviations.
Statistical analysis was carried out using SPSS19.0 (Armonk,
NY) with a two-tailed paired t-test and Duncan’s multiple
range tests. And differences were considered to be significant
at a level of p <.05.

Results and discussion
Physicochemical property

Morphological analysis

The morphological characteristics of MS prepared according
to various formulations (Table 1) were shown in Figure 1.
Three levels of CsA/HTCC/Hp-B-CD inclusion complexes with-
out porogens (MS A, MS B, and MS C) were prepared. Blank
microparticles were labelled MS D (Table 1). ABC [17],
poly(propylene glycol)-block-poly(ethylene glycol)-block-poly
(propylene glycol) (F68) [27], polyethylene glycol (PEG,
Mn =20,000) [28], chloroform (Chl) [29], and polystyrene (PS)
MS [30] were selected as porogens in this study. ABC was uti-
lized as an effervescent porogen in the formulations of MS E,
MS F, MS G, MS H, MS |, MS J, MS K, MS L, and MS M. The
morphological characteristics of MS evidently differed when
the formulations were varied. External porousness was
observed on the surface of MS E with adding ABC, indicating
ABC may be suitable as a porogen. When the ABC content
was varied, particle diameter and porosity were changed sig-
nificantly, as demonstrated by the different morphologies of
MS F, MS G, and MS J. MS G showed compact and aggre-
gated spherical particles and a slightly wrinkled surface.
A similar morphology was observed in MS H, suggesting CsA
slightly affected the morphological structure of the spray-
dried MS. MS | was spherical with a smooth surface and por-
ous structures. The porous structure may facilitate pulmonary
delivery of CsA administered with fast adsorption and desorp-
tion because of their greater surface area than nonporous
MS. MS J presented an irregular or sheet structure with com-
pact aggregation. And this morphology was different from
that of MS E whose formulation was the same as MS J,
except for the molecular weight of HTCC, showing that vary-
ing molecular weight would result in different morphologies.
When 170 cps HTCC was employed, MS K, MS L, and MS M
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Figure 1. SEM of spray-dried MS.

showed spherical morphologies with smooth surface.
No visible difference was observed on the surface of MS L
and MS M, which indicated the content of HTCC could not
exert an effect on the porosity within a certain range. MS K
displayed smooth surface and pore structure with a spherical
morphology, but the porosity was lower than that of MS I.

When F68 was used as a porogen as shown in Figure 1,
(N,0), HTCC/Hp-B-CD and CsA/HTCC/Hp-B-CD MS became
regular spherical particulate without porousness. With the
increase of F68, there was still no porousness in the MS P, of
which the diameter became dramatically small when compar-
ing with MS N and MS O. When PEG served as porogen, MS
Q became compact and aggregated, and porousness was not
observed at the surface of the microsphere aggregate. When
Chl acted as porogen, MS R became an irregular spherical
material with small pores, which was not appropriate for pul-
monary drug delivery. Additionally, when PS MS served as
porogen, MS S displayed irregular spherical with wrinkle-like
features. With the removal of PS MS, no difference was
observed in the appearance of MS T and MS S.

According to the morphology of all MS, MS |, which pos-
sessed a spherical morphology, a smooth surface and pore

structures, was selected as the optimal formulation for the
following investigation.

Characterization of particle size

The geometric diameter should be higher than 4 um to pre-
vent phagocyte clearance [31]. As shown in Figure 2(A), the
MVDs of MS A, MS B, MS C and MS | measured using DLS
were 295, 2.38, 2.17 and 3.54 um, respectively. The MVD of
porous MS | was significantly larger compared with MS B or
MS C (p <.05). The geometric diameter of MS | was in size
range of 1-7um in Figure 2(B). The geometric diameter of
fractional MS | was greater than 4 um, indicating that could
resist phagocytosis through macrophages.

FT-IR analysis

The FT-IR spectra were shown in Figure 3(A). The adsorption
peak at 1595cm ™' corresponding to the N-H deformation
vibration of amino groups was absent in the HTCC spectrum,
hence indicating that the primary amine has been changed
to a quaternary ammonium group [4]. The peak at 1480 cm™"
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Figure 2. The geometric diameter determined via dynamic light scattering.
(A) The MVDs of different MS. Bars represent standard errors of three replica-
tions. Different letters indicate significant differences (p <.05) according to
Duncan’s multiple range tests; (B) the size distribution by intensity of MS I.

for HTCC spectrum could be assigned to the C-H bending
of — N(CH5);". When comparing with the peaks of stretching
vibration of the amide of HTCC and hydroxyl bond of Hp-
B-CD, the peak observed at 3373cm™" in the spectrogram of
MS D was shifted to a lower frequency by about 37 and
20cm™! respectively, which resulted from the formation of
intermolecular hydrogen bonds between the stretching vibra-
tion of the amide of HTCC and hydroxyl bond of Hp-B-CD.
However, the peak of MS B was shifted to 3386cm ™' with
the addition of CsA, which demonstrated that CsA weakened
the hydrogen bonds between the two molecules. This change
was in agreement with the result that in the CsA spectro-
gram, the high-intensity stretching vibration appearing at
1628cm™" was the characteristic absorption peak of the
stretching vibration of one carbonyl, after complex formation,
the absorption shifted to 1632, 1636, 1632, and 1639 cm~'in
the FT-IR spectra of MS A, MS B, MS C, and MS |, respectively,
which indicated the existence of strong interactions between
the C=0 group of CsA and the hydrogen bond donor of MS
D (blank MS). This could be explained by the previous studies
that the CDs and CsA were able to self-assemble in aqueous
solutions to form nano-sized aggregates and micellar-like
structures [32], and this force weakened the hydrogen bonds
between Hp-B-CD and HTCC. The FT-IR spectra of MS A, MS
B, and MS C showed that the hydrogen bonds were strength-
ened with the increasing proportion of HTCC, which demon-
strating that different formulations should be considered on
the ability to form hydrogen bonds. Comparing MS | with the
above-mentioned drug-loading MS without porousness, the
molecules and intermolecules forces between the three mole-
cules were under the influence of ABC, which was manifested

by the blue shifts of the peaks of the stretching vibration of
one carbonyl and the intermolecular hydrogen bonds
between the stretching vibration of the amide of HTCC and
hydroxyl bond of Hp-B-CD.

DSC analysis

The DSC thermograms are shown in Figure 3(B). Raw CsA
was characterized by a glass transition temperature (Tg) at
136 °C, which had not melting point even upon heating to
200°C. This result indicated the amorphous nature of the
drug, which was in good agreement with previous reports on
CsA [33,34]. Nevertheless, the Tg was absent in CsA-loaded
MS, thereby indicating that the amorphous CsA was dis-
persed into the polymer matrix. One endothermic peak was
observed for HTCC at 168 °C. A small endothermic peak was
observed at 162°C for Hp-B-CD. Only one small endothermic
peak at 165°C was observed in MS D, which suggested that
chemical bond existed between the two material in line with
FT-IR analysis. At 165°C, the peak was again observed with
the addition of CsA to HTCC/Hp-B-CD in MS B, showing that
the encapsulation of ~0.89% CsA did not render the thermal
stability of MS in spite of the influence on hydrogen bond
between HTCC and Hp-B-CD. This might be explained by the
protective effect of the important adjuvant, HTCC, on the
interior structure, which could be further demonstrated by
the result that with the increase of HTCC content, the peaks
of MS A and MS C were strengthened in intensity and shifted
to the right in different extent comparing with MS B. The
endothermic peak at 165°C was also observed for MS |, and
was approximate in intensity with MS A and MS C, which
indicating that ABC did not affect the thermal stability of final
MS, that was, the thermal stability of MS | was not lower
than those of MS A and MS C.

XRD analysis

As shown in Figure 3(C), the XRD pattern for CsA powder did
not display the representative peaks of crystalline CsA as in
the previous study [35,36], indicating that the CsA used in
our study was predominantly in amorphous state. Compared
with the CTS, which showed two diffraction peaks at 20 =11°
and 20 =20° corresponding to the crystal forms | and Il [4],
the only diffraction peak at 26 =20° of HTCC became lower
and broader because of the introduced EPTAC, which hin-
dered the reconstitution of inter or intramolecular hydrogen
bonds of HTCC, indicating the decrease of crystalline [37]. HP-
B-CD showed an amorphous structure lacking crystalline
peaks, but extremely small peaks at 260=11°, 18° were
observed. In the XRD pattern of MS D, only one diffraction
peak at 26 =19° was broader and lower compared with the
diffraction peaks at 20 =20° of HTCC and 20=18° of HP-
B-CD, which corresponded to the low crystalline degree
based on the knowledge that the width of the XRD peak is
related to the degree of crystallinity [4]. The lower crystallite
suggested that the intermolecular interaction between HP-
B-CD and HTCC macromolecular chains destroyed the original
crystalline structures. In the XRD pattern of MS A, MS B,
MS C, and MS |, with the addition of CsA to HTCC/Hp-B-CD,
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Figure 3. Spectra analyses of CsA, HTCC, Hp-B-CD, blank microsphere MS D, MS A, MS B, MS C and MS 1. (A) FT-IR spectra; (B) DSC spectra; (C) XRD spectra.

Table 2. Accuracy and precision of the analyses of CsA (n=5).

Intra-day Inter-day
Added, pg/mL Found, pg/mL RSD, % Accuracy, % Found, pg/mL RSD, % Accuracy, %
5.8 5.98+0.22 1.49 103.10 5.88+0.78 1.42 101.14
23.2 23.72+£0.09 0.42 102.24 24.05+1.02 0.36 103.66
46.4 46.58 +£0.07 0.51 100.39 46.06 +2.11 0.48 99.27

the diffraction peak was still observed at 260 =19+ 1° without
any characteristic CsA peaks, which showed that CsA was
entrapped. Moreover, ABC didn’'t make a difference to the
crystalline structure, which was consistent with the result of
DSC analysis that thermostability of MS | was not altered
during ABC addition.

HPLC validation

A calibration curve (R*>=0.99997) was obtained with CsA
standard solutions ranging from 5.8 to 46.4pug/mL with a
retention time of 5.266 min. As shown in Table 2, the RSD of
intra-day precision were 1.49, 0.42 and 0.51% at the three dif-
ferent levels, respectively, and the RSD of their inter-day preci-
sion were 1.42, 0.36, and 0.48% respectively. The precision
were all below 5%. The intra-day and inter-day accuracy

ranged from 100.39 to 103.10% and 99.27 to 103.66%, respect-
ively. Therefore, these data confirmed that the HPLC method
was sufficiently sensitive and reproducible for detecting CsA.

EE and DL analyses

EE and DL are important factors of the MS. As shown in
Figure 4(A), the values of EE of MS A, MS B, MS C and MS |
were 6.22, 577, 5.28, and 7.28%, respectively. The results of
EE showed no significant differences among MS A, MS B, and
MS C (p>.05), indicating that EE did not increase with an
increase on the ratio of drug/polymer. However, the EE of
porous MS | was improved significantly with ABC addition,
which could be explained by the large surface area of interior
duo to the porous support [38]. In Figure 4(B), the DL of
MS A, MS B, MS C and MS | was 0.89, 1.15, 0.59, and 1.85%,
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respectively. Additionally, the DL of MS | was higher than any
of the three nonporous MS (p <.05) duo to the large surface
area of porous particles [38]. The lower entrapment and
drug-loading efficiencies of all MS could be explained by
aspiration of the smallest and lightest particles formed by the
non-encapsulated free drug and the corresponding excipients
during the spray-drying process [39]. Besides, the relatively
low values of EE and DL could be because of low volumes of
feed solution in each batch [40]. Although the values of EE
and DL were very low, the formulation endowed with porous-
ness carried more drug than these nonporous MS because of
its porosity and specific surface area [41].

Aerodynamic properties

The DPIs aerosol deposition profiles for MS A, MS B, MS C,
and MS | were investigated using NGI. As seen in Figure 5(A),
the differences in deposition on stages mimicked middle
lung and deep lung delivery were remarkable among all MS.
For MS A, MS B and MS C, these aerosol peak modes were

on stage one with 41.28, 36.32 and 30.10%, respectively. For
MS |, the aerosol peak mode was on stage three with 26.38%.
Meanwhile, 23.46 and 23.85% of the aerosol powders were
on stage two and four, respectively. Figure 5(A) illustrates
that MS | with porousness increased aerosol deposition on
lower NGI stages modelled for middle lung and deep lung
delivery compared with the nonporous MS of MS A, MS B,
and MS C. This result was consistent with previous researches
that showed porous MS are more likely to target middle lung
and deep lung delivery because of the smaller surface-to-
volume ratio [16,17].

The aerosol performance parameters of the nonporous
and porous MS were also shown in Figure 5. For all MS, the
ED values were in the range of ~85-98% (Figure 5(B)), which
represented considerably high efficiency in aerosolization.
And, the ED values had no significant differences among
these MS (p>.05). However, the FPF value for MS | was
remarkably higher than that of MS A and MS B in Figure 5(C)
(p <.05), which showing that the porous MS have a higher
probability of penetrating into the deep lung than that of
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lications, and “A” compared with NS group (p < .05) was observed according to a two-tailed paired t-test.

nonporous MS. The RF values were in the range of ~55-88%
for all MS in Figure 5(D). For MS |, the value was higher than
any of nonporous MS (p <.05), thereby suggesting that the
presence of porousness favourably enhanced the aerosoliza-
tion efficiency process. The GSD value is used to indicate the
polydispersity of the particle size distribution. As shown in
Figure 5(E), this value showed no significant difference
between the porous and nonporous MS (p >.05). MS |, with a
GSD of 1.96 +0.09, was appropriate for pulmonary drug deliv-
ery according to previous researches [25]. Representing the
comprehensive characteristics of particle size, morphology
and characteristics, the MMAD is a vital parameter for control-
ling the deposition of aerosol in the lungs since it can reflect
the real and complex movement of particles in the respira-
tory system. As shown in Figure 5(F), the MMAD value of MS
I was 3.53£0.20 pum which is in an inhalable range of
1-5 pum [14]. On the contrary, other MS with a MMAD of
more than 5 pm will more likely deposit in mouth or throat.

Biocompatibility

Assay for LDH and protein

LDH, an intracellular enzyme, is an indicator of membrane
irritation and often regarded as a sensitive indicator of an
inflammatory response when it is leaked into the BALF [42].

To estimate the biocompatibility of the material, the total
proteins and LDH activities were measured as shown in
Figure 6(A,B). The LDH activity in BALF administered with the
dry powder was analysed by comparing with those examined
after administration of PBS, Triton X-100 and the normal
group, respectively. The LDH activities of HTCC and MS |
administered after 24 h were increased but without statistical
difference compared with the PBS and normal groups
(p>.05). For the protein content, the result of Triton X-100
administered after 24 h was significantly increased compared
with the MS |, HTCC, PBS and normal groups (p <.05). And
there was no significant difference between the HTCC and
normal groups, which was in agreement with previous study
that HTCC is biocompatible [6]. MS | also had no significant
difference compared with the normal group, which was the
same tendency compared with that observed after HTCC
administration. Therefore, these results demonstrated that
MS | could be applied as a potential safe sustained release
pulmonary drug carrier.

Ciliotoxicity study

The effects of the formulations on ciliary movement should
be analysed, since the mucocilia movement as the body’s pri-
mary nonspecific defense mechanism is necessary to protect
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the respiratory system [43]. The in situ toad palate model has
been widely used in evaluating the ciliotoxicity of respiratory
tract. The microscopic structure of mucosa cells and lasting
time of the ciliary movement of each group were presented
in Figure 6(C,D). As shown in the Figure 6(C), normal saline
did not significantly affect the mucosal cell morphology. The
mucosal cell morphology in HTCC group displayed significant
typical apoptosis characteristics, including nuclear chromatin
condensation and marginalization, thus suggesting that HTCC
could suppress cell growth and promote apoptosis in mucosa
cells, which demonstrated by the fact that the lasting time of
HTCC samples after administration was more significantly
decreased at a ratio of 60.98% than the normal saline in
Figure 6(D). This damage was maybe caused by the positive
charge of HTCC which could have noxious stimuli on mucosa
cells, and could be tailored by varying the DQ based on the
previous research about the effect of quaternization degree
on physiochemical and biological activities of CTS [37].
However, the microscopic structure of mucosal cells in CsA
group was normal with a prominent nucleolus and scattered
chromatin granules, which was in consistent with the finding
that no differences exist in the lasting time of ciliary move-
ment with a ratio higher than 90%. MS | showed ciliotoxicity,
which was obtained from the microscopic structure of muco-
sal cells with irregular nucleus and a significant decrease in
the lasting time of ciliary movement compared with the nor-
mal saline group. But it was noticed that the ratio of 84%
was higher than 80%, indicating that MS | had good safety
profile and could be applied as pulmonary drug carrier [43].

In vivo efficacy evaluation

Effects of MS | on OVA-induced total and differential leu-
kocytes in BALF

OVA-induced asthma is a disease that results from chronic
airway inflammation characteristically associated with the
infiltration of total cells (TC), lymphocytes (LY), and eosino-
phils (EOS) into the bronchial lumen. The OVA-induced airway
inflammation rat model of asthma was summarized, and the
change of total and differential leukocytes in the BALF was
examined. As shown in Figure 7(A), in the BALF, the numbers
of TC, EOS and LY were increased by 6.2-, 7.9- and 13.1-fold,
respectively, compared with those in the control group. The
numbers of OVA-induced TC, EOS, LY and monocytes were
decreased by MS | and BUD administration. Compared with
the MS | group, there was no significant difference in the
BUD group. These results suggested that MS | inhibited the
OVA-induced inflammatory response in a rat model
of asthma.

EOS are considered the key effector cells in the pathogen-
esis of asthma through destroying epithelial cells, participat-
ing in the release of some inflammatory cytokines (IL-4 and
IL-5), and inducing bronchial hyperresponsiveness. The
inflammatory cells and inflammatory factors have an inter-
action, and the inflammatory process is enlarged in each step
after inflammatory cells have increased the expression of
inflammatory cytokines and inflammatory cytokines, thereby
increasing the survival of inflammatory cells [44]. CsA aerosol

inhalation can inhibit allergic airway inflammation in mice
[45]. In our study, the TC and MS | groups in the BALF of rats
were significantly reduced compared with the model set, and
the effect on EOS was not significantly different compared
with the BUD inhalation group. This observation showed that
the anti-inflammatory effect of MS | in our experiment not
only resembles BUD, but also its required dose was less than
that in previous experiments [46].

Effects of MS | on OVA-induced levels of IL-4 and TNF-o
inflammatory cytokines in BALF

In the present study, MS | could significantly reduce the char-
acteristics of airway inflammation, and infiltration, as well as
the production of inflammatory cytokines. At the inflamma-
tion sites, multiple inflammatory cells, including EOS and NE,
can generate reactive oxygen species (ROS), which can par-
ticipate in the development of allergic asthma. ROS promote
the activities of pro-inflammatory redox-sensitive nuclear fac-
tors, including NF-kB, which can induce various inflammatory
genes, including IL-4 and TNF-o, and increase the occurrence
of allergic inflammation in asthmatic patients [47]. The OVA-
induced levels of inflammatory cytokines were increased
compared with the control levels, according to the levels of
IL-4 and TNF-a cytokines in BALF analysed using ELISA
(Figure 7(B)). The levels of TNF-o and IL-4 were slightly
increased by 1.59-, and 1.57-fold, respectively, compared with
those in the control group. MS | and BUD considerably inhib-
ited the level of TNF-a and IL-4 compared with that in the
OVA-induced group. The level of TNF-o was more weakly
inhibited by CK administration compared with that in the
OVA-induced control group. The BUD group was slightly
higher than that of MS | group, but the difference was not
statistically significant. The result showed that MS | group sig-
nificantly reduced the TNF-a content in BALF, suggesting that
MS 1 inhibited airway inflammation and improved symptoms
resembling BUD, which may be achieved through reduction
cytokines release.

Effects of MS | on OVA-induced levels of total protein and
LDH in BALF

LDH is a kind of glucolytic enzyme existing in all kinds of
organizations and cells in human body. LDH level would
increase  when the human body tissue is injured [48].
Therefore, LDH activities and total protein were also investi-
gated to evaluate the membrane-irritating potential of the
MS accurately. The levels of total protein and LDH in the
BALF were measured through ELISA in Figure 7(C,D), and the
results revealed that their levels increased by 4.1- and 1.2-
fold, respectively, compared with the control group. The total
protein was significantly inhibited by MS | and BUD adminis-
tration. The BUD group was slightly higher than that of MS |
group, but the difference was not statistically significant.
These results suggested that MS | inhibited the total protein
and LDH level in the rat model of asthma.
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Effects of lung histopathological changes

OVA induced the infiltration of inflammatory cells into the
lung tissue compared with that in the control group in
Figure 7(E). MS | and BUD attenuated the OVA-induced infil-
tration of inflammatory cells into the lung tissue. MS | also
inhibited the OVA-induced mucus hypersecretion compared
with those in the OVA-inhaled group. The BUD weakened the
increased inflammation and mucus score, which represented
EOS-rich leukocyte infiltration and mucus secretion. These
results suggested that MS | inhibited the OVA-induced inflam-
matory infiltration and mucus hypersecretion in an asthma
rat. CsA, as an immune inhibitor and similar to glucocorticoid,
can inhibit the invasion of inflammatory cells in asthma and
reduce the leakage of micro blood vessels in the lung [49]. In
the present study, the white blood cell (WBC) and neutrophil

(NE) contents in BALF at the asthma rats were reduced by
MS | treatment, and the inflammatory reaction was reduced
compared with the asthma model as showed by the patho-
logical results. Therefore, the MS | had therapeutic effects on
OVA-induced asthma rats.

Conclusion

In this study, porous MS containing CsA for pulmonary deliv-
ery were developed. MS |, which possessed a spherical
morphology with smooth surface and pore structure, was the
optimal  formulation with regard to  morphology.
Characterized by the smaller surface-to-volume ratio, MS |
exhibited larger MVD, but smaller MMAD compared with
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nonporous particles, which indicated that MS | has high lung
deposition. This observation could be further confirmed by
their excellent aerodynamic properties. The EE and DL of por-
ous MS | were also higher compared with those of other non-
porous MS. In addition, the biocompatibility of MS |,
including the acute lung toxicity and ciliotoxicity estimated in
vivo, demonstrated that MS | was safe as inhalation dry pow-
ders. We also demonstrated that MS | markedly decreased
the number of the TP, LDH, inflammatory cells, IL-4 and TNF-
o cytokines compared with those in the OVA-induced group,
and reduced the leukocyte classification levels in BALF. Based
on lung histopathological studies, inflammatory cell infiltra-
tion was inhibited by MS | administration compared with that
in the OVA-induced group. Taken together, the porous HTCC
MS are a promising class of drug carrier for local sustained
inhalation therapy of pulmonary diseases.
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